Abstract. The paper presents a method of investigation of grid connected systems with a renewable energy source. The method enables fast prototyping of control systems and power converters components by real-time simulation of the system. Components of the system such as energy source (PV array), converters, filters, sensors and control algorithms are modeled in FPGA IC. Testing the systems before its practical application reduces cost and time-to-market. FPGA devices are commonly used for digital control. The resources of the FPGAs used for preliminary testing can be sufficient for the complete system modelling. Debugging tools for FPGA enable observation of many signals of the analyzed power system (as a result of the control), with very advanced triggering tools. The presented method of simulation with the use of hardware model of the power system in comparison to classical simulation tools gives better possibilities for verification of control algorithms such as MPPT or anti-islanding.
Introduction
The number of photovoltaic-based energy generation systems is fast increasing in the world. There are many advantages of the application of photovoltaic (PV) systems: no cost of energy, no pollution, long lifetime, no rotating parts. New potential fields of application are constantly emerging -e.g. BIPV (Building Integrated Photovoltaic) with solar cells on elastic substrates [1] .
PV array is an energy source with the characteristics presented in Fig. 1 . Power of PV source depends on the load, irradiance and temperature. The p(v) characteristic of PV panel has one maximum named MPP (Maximum Power Point). In most cases of energy generation systems, the PV source operates with power electronic converters [2] [3] . The following tasks should be realized by the power electronic conversion stage in PV systems:
• proper load of PV source. Power conversion system forces the PV source to be loaded in its MPP. The algorithm of looking for MPP (MPPT -Maximum Power Point Tracking) makes the PV source best exploited, • adjusting the energy parameters to the constraints of the customer, e.g. in grid-connected systems the power electronic converters enable generation of current (of proper shape) to the grid, in the island systems the inverter should generate proper voltage.
FPGA (Field Programmable Gate Arrays) chips are commonly used in power electronic control systems. The functional blocks of FPGA, such as logic resources, memory and hardware implemented DSP-type modules [4] [5] [6] (Fig. 2 ), work in parallel using different parts of the FPGA structure.
A single FPGA chip can provide the entire control of complex power electronic systems. Programmability features and CAD-supported design enable shortening time to market by using simulation and debugging tools in design verification. Then, during the application of the control system in industrial systems, the stage of verification of control and protection algorithms on physical process becomes the most difficult, expensive, time-consuming and unsafe stage. The features of FPGAs can help to improve this process by enabling testing the control algorithms on real-time models of controlled systems (Fig. 3) . Using a selected FPGA device, the model can be implemented in the same chip as control algorithms. Depending on the application, different topologies of power electronic converters are used in renewable energy generation systems [2] [3] .
CONTROL
New converters are developed to increase efficiency of power conversion stage, improve its reliability or decrease initial cost. The paper focuses on presenting the method for PV systems testing with the use of real-time simulations in FPGA chip. In [7] [8] [9] such method was presented for PV systems components simulation, in [10] [11] for multilevel converters simulation, in [12] for the electrical machine modeling, in [13] for induction motor control investigation and in [14] for permanent magnet motor drive simulation. We present results from modeling typical components for single phase PV systems (PV source, dc-dc boost converter, single-phase inverter, ac filters, operation of the grid connected inverter in closed system, regulation of voltage in the boost converter and the MPPT realization).
Photovoltaic systems are highly predisposed to the FPGA prototyping and testing because of their complexity and specific behaviour (e.g. PV source characteristic). Many algorithms of control must cooperate with each other. Apart from the correctness of the control system, operation may be tested under emulated, real operating conditions (e.g. MPPT on PV featured source, grid voltage and impedance, islanding operation, etc.). FPGA-based prototype of the entire PV system may be adequate for the actual system components in details with possibility of making changes. Figure 4 presents two types of single-phase grid-connected systems with PV sources. The paper presents results of investigations of such systems with the use of FPGA-based real-time models. a) In the first system (Fig. 4a ) the single phase inverter is supplied directly from the PV source. Such system is commonly used when PV panels voltages are adjusted to the energetic system voltage level (to enable the grid current shaping, and not to exceed the voltage absolute ratings of the system components). In some countries the solar system also needs isolation (e.g. LF transformer in AC filter section, or HF system [2, 3] ). The inductor in a solar panel output filter (L fPV ) is not always installed but it can decrease the 100 Hz power pulsations in the PV source. The system presented in Fig. 4b is dedicated to be supplied through the PV panels which voltage can decrease below the level that enables proper generation of the grid current by the inverter. The FPGA-based real-time models of the power systems ( Fig. 4ab ) enable testing the control (MPPT, boost control, inverter control, special control: e.g. start of the system, protection, anti-islanding algorithms implementation) or modification in the topologies (e.g. AC filters topology). The paper focuses on presenting the possibilities of such actions, showing results of models' components behaviour.
Power electronic converter for photovoltaic systems with the use of FPGA-based real-time modeling . . .
In the model tested in this paper, the dc-dc boost converter stabilizes voltage for the inverter on constant level (e.g. 400V). The inverter control unit is responsible for generating the line current to transfer energy to the grid (control loop of inverter - Fig. 4ab ) with maximum efficiency of the PV panel (MPPT unit that gives reference grid current amplitude). An example of waveforms from the inverter control unit under steady state operation of the inverter is presented in Fig. 5 . The grid voltage and current, the inverter voltage, reference current, error of control and PI-type regulator output signal are presented in Fig. 5 . In this case, the shape of reference grid current is acquired by pre-scaling the measured grid voltage. This signal is multiplied by the factor calculated by MPPT unit. Error of the control (e iG ) -the difference between reference current (i Gref ) and measured current (i grid ) passed to PI-type regulator. Output signal of the regulator (u inv ref ) is a control signal for PWM module. The control system was designed to operate with 50 Hz system. The model used in this paper has the following parameters:
• Currents and voltages resolution: 18bits • Controllers calculation step time: 1.33 · 10 −6 s • Calculation step time for the converters and passive components modelling: 0.2 · 10 −6 s to 0.082 · 10 −6 s
FPGA-based model of the PV source
Various methods of simulating PV cell can be found [15] [16] [17] [18] [19] . Most of them are based on the diode model of a PV cell. As a result of such modelling, exponential equations which describe i(u) characteristics are given. This approach, despite its good reliability, is difficult to be simply described in VHDL language. In [15] a very suitable model of PV source for FPGA-based discrete modelling is presented. Nonlinear photovoltaic source is represented as a current source with parallel connected resistance which value varies with irradiance and temperature (Fig. 6 ). Variation of cell resistance is simulated as a switching resistor (Fig. 6) . PV source voltage is described by the following equation (Fig. 6) :
where U pv -PV cell voltage, I sc -PV cell short currentproportional to irradiance level, I pv -PV cell current, R eqvariable equivalent resistor. Equivalent resistance is a parallel connection of the R 2 and switched R 1 resistors (Fig. 6 ):
Parameter K is the equivalent of duty cycle D used in [15] . The value of parameter K is computed numerically and K = 0 when PV cell is shortened and K = 1 under open circuit operation. Thus, K can be defined as:
In Eqs. (1), (2) 
The factor M is proportional to the difference between maximum irradiance level (I SC max ) and decreased irradiance level (I SC ) (5).
In order to calculate scaling factor M , the minimal value of R eq for decreased irradiation level (I SC20% ) has to be calculated. R eq min parameter is the PV cell resistance under open circuit operation (Fig. 6 , I P V = 0, I Req = I SC ). In this paper the PV source model is based on Kyocera KC200GT Cell (Fig. 1 ) [6] :
Entering the analyzed PV cell model data:
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The equivalent resistor at 20% of irradiance has following value:
Changes in R eq min value can be simulated as changes of maximum value of the parameter K (2). For decreased level of irradiation (I SC20% ), it can be calculated:
It means, that for reduced irradiation level (I SC20% ), at open circuit operation, value of K must be equal to (8) to provide correct U OC value.
The difference in PV short current values (for irradiation 1000 W/m 2 and 200 W/m 2 ) is as follows:
On the basis of the assumption that U OC change is linear (in range of 20%-100% of irradiation), it can be written:
(10) Fig. 7 . ∆ISC as a function of scaling factor M (5), (8) From the Fig. 7 it follows that:
Value of scaling factor M for analyzed PV cell model:
On the basis of (1), (3), (4) and (12), the complete formula for calculating of PV cell voltage can be obtained:
A very important parameter of a PV cell is the temperature of the semiconductor junction. To implement the temperature influence the PV source model is extended by scaling R eq and I SC 100% parameters with temperature T [
• C]:
On the basis of (13) and (14), the PV cell model characteristics were implemented in Matlab software (Fig. 8) . There are many topologies of power electronic converters applied in PV systems [2] [3] , e.g. multistring, AC-Modules, transformer or transformerless, with high frequency or low frequency transformer, with half-bridge or full-bridge inverter, with or without dc-dc stage, and many not typical cases [20] . The control strategy is also the field where many ideas are tested. Application of a full-bridge single-phase inverter enables control of unipolar or bipolar operation. The selection of a control method has a significant impact on filtering conditions of the grid current, dc current flow (in the input of the inverter), power losses on switches and common mode currents. Figure 10 presents waveforms under bipolar and unipolar operations of the single phase grid-connected inverter. In the case of bipolar operation, the current that flows through dc input capacitor of the inverter has negative regions which can also increase losses (Fig. 10) . The switching frequency component in the inverter output voltage under bipolar operation is two times higher than under unipolar operation, which makes the grid current more difficult for filtering in comparison to the unipolar operation case. The bipolar operation of the single phase inverter has the advantage of decreasing common mode currents generation [21] .
The value of common voltage in the case of bipolar operation in the single-phase inverter remains constant [21] (Fig. 10a) . For proper line current shaping, the inverter should be connected to the grid through an AC filter (Fig. 4, Fig. 11 ). The revision of ac filters can be found in [22] and [23] . The LCL AC filter enables greater dumping of the switching frequency component, from the L filter, in the generated current (Fig. 11) . For L filter (Fig. 11 ) the grid current calculation is realized by solving one (discrete) first-order differential equation:
where
For LCL filter application it is necessary to solve the set of equations describing i inv , i grid , u Cf [24] :
The FPGA-based real-time modelling is a useful tool for different converters topologies verification. It enables testing steady state, failures and behavior of the system under special control (e.g. start of the converters). In this paper the control of the analyzed system is realized according to the conception presented in Fig. 4 . 
The inverter MPPT algorithm verification on the FPGA-based real-time model.
The FPGA-based real-time model of the PV system can be a very functional tool for MPPT algorithms verification [17] . The MPPT algorithms search the conditions of system operation to obtain the maximum power from the PV system. The MPPT algorithms are mostly a modification of basic P&O (Perturb and Observe) technique [25] . In the tested model of PV system (Fig. 4a -the system without boost converter) a simple algorithm where MPPT unit analyses the PV source power and sets the amplitude of the reference current was tested (Fig. 13) . The algorithm starts from the condition of slight current (start of the system) and goes to the maximum power in about 5 s. In the single phase grid connected system the average power of the PV source may be decreased by 100 Hz variation of power on the output of the inverter. For efficient PV source exploitation a LC filter on the output of PV can be applied (especially in the case of the systems without boost converter). Figure 14 presents waveforms from the single-phase grid connected system with inverter connected directly to the PV source for two cases of the PV output filter. Application of the PV source output filter enables significant reduction of its 100 Hz power fluctuation. 3.3. Boost dc-dc converter with PV source. In many topologies of PV systems (e.g. in grid-connected systems with low voltage PV panels) dc-dc converters are used. In most cases a boost converter (Fig. 15 ) is applied. Figure 16 presents FPGAbased real-time simulation waveforms of the boost DC/DC converter. Fig. 15 . Dc-dc boost converter For testing the MPPT realisation by the boost converter, the models of converter with resistive load were used (Fig. 19b, Fig. 21b ). There are many MPPT algorithms which provide this function [25] . One of the simplest is Hill Climbing algorithm (HC). This algorithm was implemented in the system presented in Fig. 19b . Figure 20 presents results of simulating boost converter response for irradiation change (HC algorithm) from 400 W/m 2 to 1000 W/m 2 . One of the most popular MPPT algorithms is Perturbation & Observation method (P&O) [25] . It bases on closed-control loop (Fig. 17) of dc-dc converter. Figure 21 presents P&O MPPT technique applicable in dc-dc converters [25] .
Conclusions
In this paper the FPGA-based real-time simulation method for control verification of power electronic converters in gridconnected systems with energy generated from photovoltaic sources is proposed. The presented results, were obtained using FPGA-based models (PV source, power electronic converters, and filters) of power system, under FPGA-based control. This proves the usefulness of modelling the control circuit before its application in power system, which increases operational safety, reduces time-to-market and decreases costs of implementation. It also enables simulating many external condition cases which determine operation of the conversion system (e.g. irradiation or temperature of PV source, turning off the grid).
